CTP:phosphocholine cytidylyltransferase (CT) catalyses a rate regulatory step in the de novo synthesis of surfactant phosphatidylcholine (PC). We have previously shown that CT activity increases during late gestation in alveolar type I1 cells, and that this increase is most pronounced in microsomes. As it is known that CT is activated by lipids, we investigated the lipid activation of CT in fetal type I1 cells during late gestation 
The production of pulmonary surfactant, which is produced by the alveolar type I1 cells, is initiated during the latter part of gestation. The subsequent accumulation of surfactant in the airways coincides with the ability of the newborn to establish regular air breathing. Surfactant deficiency due to lung immaturity is the main factor responsible for the occurred of respiratory distress syndrome in premature neonates. PC is a major component of surfactant (1, 2) . CT (EC. 2.7.7.15) has been demonstrated to catalyze a rate-limiting step in the de novo synthesis of PC in the developing lung (3, 4) . We have previously shown that CT activity increases in fetal type I1 cells at late gestation (5) . The increase in enzyme activity coincides with an increase in PC synthesis (5) . The developmental regulation of CT in fetal type I1 cells remains to be elucidated. Recently, we have reported that the increased PC synthesis by fetal type I1 cells at late gestation is due in part to an increase in CT protein (6) . However, there is overwhelming evidence that CT may also be regulated by enzyme-membrane interactions (for reviews, see Refs. 7 and 8). The enzyme exists in an inactive soluble form and an active membrane-bound form (9, 10) . Recent studies have identified the lipid-binding domain of CT as an a-helical domain of the protein (11, 12) . Our previous studies with fetal type I1 cells demonstrated that CT protein content and activity increased in the microsomal fraction with advancing gestation with no developmental change in the cytosolic fraction (5, 6) . In whole fetal lung, fatty acids (13) (14) (15) and phospholipids (16, 17) may play an important physiologic role in the activation of CT during development, possibly through CT-membrane interactions (13) . However, results from studies with whole lung cannot be directly extrapolated to developmental changes in type I1 cells, the producers of surfactant, as pointed out in several reviews (2, 18, 19) . In the present study, therefore, we investigated CT
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activation by microsomal and cytosolic lipids of maturing type I1 pneumocytes. An abstract of these studies has been published previously (20) . ) and male (250-300 g) Wistar rats were purchased from Charles River (St. Constant, Quebec) and bred in our animal facilities. Cell culture media, antibiotics, and trypsin were obtained from GIBCO Canada (Burlington, Ontario Cell cultures. Timed pregnant rats were killed by diethylether excess on d 18-21 of gestation (term = d 22), and the fetuses were aseptically removed from the dams. The epithelial cells were isolated from the fetal lungs as described in detail elsewhere (21) (22) (23) . Although the term "type I1 cells" is used in this report, the cuboidal epithelium which lines the acinar tubules during the late pseudo-glandular and early canalicular stages of lung development does not contain lamellar bodies, the phenotypic marker for type I1 cells. In previous studies, we have shown that these cells do express other phenotypic features of type I1 cells and possess antigenic determinants of mature type I1 cells (22, 24) .
METHODS

Materials.
Cell fractionation. After overnight incubation in tissue culture flasks, attached cells were collected by scraping in homogenization buffer of 145 mM NaC1, 50 mM Tris-HC1 (pH 7.4), 50 mM NaF, and 2.5 mM EDTA (hereafter referred to as Tris-saline). Postmitochondrial supernatant and microsomal and cytosolic fractions were obtained as previously described (5) and stored at -70°C until processed further.
Enzyme assay. CT activity was assayed in the forward direction by measuring the rate of incorporation of [methyl-14~]phosphocholine into CDPcholine as previously described (5, 21) .
Purification of CT. Rats were killed by diethylether excess, and immediately afterward a tracheostomy was performed and lungs were inflated with a pressure of 15 cm H,O. The thorax was opened, and the lungs were thoroughly perfused with normal saline via injection in the right ventricle and opening the left atrium. Lungs were immediately frozen in liquid nitrogen and kept at -70°C until the purification was started. CT was purified from 100 g of lung as described by Weinhold et al. for liver (25) . A 2278-fold purification was obtained and a yield of 9.34% of total cytosolic activity (21) .
Delipidation of purified CT and cytosol. Purified CT and cytosolic CT were delipidated by acetonelbutanol extraction according to the method of Fiscus and Schneider (26) as modified by Chu and Rooney (17) . The final pellet was resuspended in Tris-saline (see above) by sonication for 2 X 20 s at O°C, and foam was removed under vacuum.
Lipid extraction and preparation of (phospho)lipid vesicles. Total lipids were extracted from cell fractions with chloroformlmethanol by the method of Bligh and Dyer (27) . Phospholipid phosphorus was measured according to Bartlett (28) . All microsomal and cytosolic lipid concentrations are therefore given as micromolar lipid phosphorus. Lipids to be tested were dried under a stream of N, at 40°C. After traces of solvent were removed under high vacuum, lipids were resuspended in Trissaline (see above) by sonication (29) for three times at 30 s each, or longer when the turbid suspension had not clarified.
Protein measurements. Protein concentrations were determined by the method of Bradford (30) , using BSA as the standard.
Statistical analysis. Statistical differences between various groups were analyzed by paired or unpaired t test (for two groups) or by analysis of variance with the Neumann-Keuls test (for more than two groups). Statistical significance was accepted at the p < 0.05 level (two-tailed).
RESULTS
Stimulation of CT activity of fetal type ZZ cells by phospholipid vesicles. We first investigated whether activation of CT activity in cytosol and microsomes by phospholipids varied as a function of development. As PCIOA (1 : 1 molar ratio) vesicles at a (combined) concentration of 0.5 mM (PC and OA each 0.25 mM) have been shown to stimulate CT activity maximally (29), we assayed CT activity in both cell fractions in the absence and presence of 0.5 mM PCIOA (1:l) vesicles. The CT activities in cytosol and microsomes measured in the absence of PCIOA were in the same range as published previously (5). Independent of gestational age, CT activity in the microsomal fraction of fetal type I1 cells was stimulated approximately 1.5-fold by PCIOA vesicles (Fig. 1) . In contrast, activation of cytosolic CT by PCIOA vesicles was gestation- (Table 1) . Again, there was no difference in the ability of d 18 and 21 microsomal lipids of fetal type I1 cells to stimulate delipidated purified CT ( Table 1) .
Activation of CT by cytosolic lipids of maturing type I1 cells. As previous studies with whole fetal lung have suggested that cytosolic CT can be activated by cytosolic lipids (16, 17) , we also examined the effect of cytosolic lipid extracts of fetal type I1 cells on CT activation. In preliminary experiments it was found that the activation of CT in delipidated cytosol by cytosolic lipids was concentration-dependent. Saturation (maximal stimulation) of CT activity was obtained with 5 times the amount of lipids present in the original cytosol (approximately 95 p M lipid phosphorus) (not shown). Using the same saturating conditions, we then compared the ability of cytosolic lipids from d 18 and 21 fetal type I1 cells to stimulate delipidated cytosolic CT of d 18 and 21 fetal type I1 cells (Fig. 3) . (1.27 nmol/min/mg of protein) when saturating conditions of lipids were used. However, CT in delipidated cytosol could not DISCUSSION be activated to the level found in cytosol before acetone1 Several mechanisms by which the activity of CT is regubutanol extraction (2.42 nmol/min/mg of protein in the pres-lated, and which are probably interrelated, have been studied in ence of 0.5 mM PC/OA vesicles). To further investigate which the fetal lung, including subcellular translocation of the enlipid(s) may be responsible for the activation of cytosolic CT, zyme from cytosol to microsomes (13) , activation by fatty we investigated the effect of two phospholipids, PC and phos-acids (13, 14) and phospholipids (16, 17, 31, 34) , and regulaphatidylglycerol, and OA on cytosolic CT activity. Figure 4 tion by phosphorylation/dephosphorylation (35) . Although ac-tivation of cytosolic CT by lipids has been shown in a number of these studies, the role of this mechanism in activating CT in maturing type I1 cells has not been determined. In the present study, we found that the developmental increase in CT activity in fetal rat type I1 cells during late gestation (5) was in part mediated by an increased capacity of cytosolic lipids to activate CT with advancing gestation. Microsomal lipids also stimulated CT activity, but no developmental difference was demonstrated. In previous studies with whole lung it has been shown that activation of cytosolic CT by either estrogen (17) or betamethasone (36) is lipid-dependent. Mallampalli et al. (36) demonstrated that the administration of betamethasone to pregnant rats increased CT activity in fetal rat lungs by increasing the proportion of cytosolic CT in the H-form. These hormonal findings cannot directly be extrapolated to CT activation during normal lung development. However, Chu et al. (16) have found that lipids also regulate cytosolic CT activity during whole rabbit lung development. Our present findings with isolated maturing type I1 cells of fetal rat lungs are in agreement with a developmental regulation of CT by cytosolic lipids. In addition, we showed the developmental activation of purified rat lung CT by cytosolic lipids of fetal type I1 cells. It was somewhat surprising that no developmental difference was found in the ability of microsomal lipids to activate CT because we have previously observed that the specific and total activity of CT increased more in the microsomal fraction with advancing gestation than in the cytosolic fraction (5). This may be explained by two mechanisms, which may be complementary. It is possible that a developmental change in the cytosolic lipids promotes the translocation of CT from cytosol to microsomes, which are also more abundant at a later gestational age (37) and contain an increased amount of phospholipid fatty acids (38) . A likely lipid candidate is FFA. Fatty acid synthesis increases at late gestation (39, 40) , and translocation of CT to microsomes by FFA has been demonstrated in whole lung (13) . Another possibility is that newly synthesized CT remains associated with the microsomal membranes, thereby increasing microsomal CT activity with advancing gestation (6), whereas cytosolic CT activity remains a less active pool, which is regulated by cytosolic lipids. Our present data are compatible with developmental activation of preexisting CT enzyme as opposed to increased enzyme synthesis during late gestation. We have previously reported, however, that CT mRNA and protein levels increased in fetal type I1 cells with advancing gestation (6) . Increased CT activity in fetal type I1 cells stimulated with conditioned medium from cortisol-treated fetal lung fibroblasts (41) also appears in part to be regulated at a pretranslational level (42) . Therefore, both mechanisms of increased synthesis and activation may be important and complement each other during type I1 cell development.
In the present study, activities of both CT in fetal type I1 cell cytosol and purified lung CT were significantly reduced when lipids were removed. CT activity was partially restored by readdition of lipids, confirming the lipid dependency of CT activity. However, readdition of lipids to the delipidated cytosolic or purified CT was unable to activate CT to the same level as unextracted CT activated by lipids. The reason for this finding is not known, but it is possible that the extraction of lipids had a damaging effect on CT or that nonlipid factors necessary for optimal CT activity are lost during the extraction. With regard to the question of which lipids are able to activate cytidylyltransferase in fetal type I1 cell cytosol, we demonstrated that vesicles of anionic phospholipids, oleic acid alone, or mixed egg PCIOA (1 : 1 molar ratio) vesicles stimulated CT activity. This is consistent with studies using whole fetal lung cytosol (29, 31) and purified rat liver cytidylyltransferase (32, 33) . OA was enough to provide the required negative charge for activation of cytosolic CT. It is likely that OA incorporated in lipids present in the cytosol, thereby forming anionic membranes which bound and stimulated CT activity (29, 32) . We did not investigate the lipid composition of the type I1 cell cytosol and therefore are, at this moment, unable to answer the question of which lipid is physiologically important during type I1 cell development. Chu et al. determined the lipid composition of whole fetal lung cytosol during development (16) and after estrogen stimulation (17) , but were unable to identify any individual lipid component that could explain the activation of CT. Mallampalli et al.'s (15, 36) studies suggest that phosphatidylglycerol and unsaturated fatty acids play an important role in cytosolic CT activation by the conversion of the L-form to the H-form either in vitro (15) or after betamethasone stimulation in vivo (36) . The physiologic importance of these findings during normal development however remain to be established. In the present study we found that cytosolic CT activity of fetal type I1 cells was inhibited by PC vesicles. This may be due to a feedback inhibition of the end product of the pathway, PC, on the rate limiting enzyme, CT, as was suggested by Jamil et al. (43, 44) using rat hepatocytes.
In conclusion, cytosolic lipids play an important role in the developmental activation of CT in fetal rat type I1 cells during late gestation, but the precise mechanism of activation remains to be elucidated.
